ABSTRACT
Introduction
for algae growth, dissolved oxygen that induces bacterial growth and biochemical oxidation of organic matters; pH that controls the rate of distinctive biochemical process; a temperature 49 that controls the rate of biochemical reactions and transformations; light input for 50 photosynthesis and hydraulic behaviour that govern the process of mixing in the pond [3] . To demand. Grobbelaar et al. [7] have developed algal productivity models in terms of stirred tank reactors (CSTR); (ii) algal specific growth rate is a function of light intensity, 99 total dissolved CO 2 and total inorganic nitrogen; (iii) exchange of O 2 and CO 2 between the 100 pond and the atmosphere is not included; (iv) evaporative losses are not considered due to 101 lower water loss. It is noted in the literature that other nutrients such as phosphorus and 102 micronutrient are not considered to be the limiting factor because these compounds are 103 usually highly available in wastewater [8, 10] . Thus, in the present study, this effect has not 104 been explicitly considered with the assumption that the metabolism of the of the microbial 105 consortium are not limited or inhibited by these compounds. Also, the ammonia volatilization 106 and the removal of phosphorus by chemical precipitation occurring due to high pH (9-10) and 107 temperature are not considered in the present study.
108
The model that describes the growth of photosynthetic microalgae in HRAP is a set of 109 nonlinear differential equations derived from mass balance equations for both liquid and 110 gaseous species transformations.
111
The average light intensity in the pond can be expressed in terms of concentration and depth 112 of the pond ()) at a particular time using the Beer-Lambert's law as [ 
122
The diurnal variation of the surface light intensity can be estimated as [11] I 0 (t) = max 0, I 0 π sin
124
The light intensity factor for algae growth is thus modelled using Steele's function as [8] 125
126
where B b is the saturation or optimum light intensity.
127
The mass balance of algae concentration in the effluent is expressed as [8] 128
where o p, F, V, q $r and n c> are the biomass concentrations per unit culture volume, the total 130 flow rate, the culture volume, the growth rate and the decay rate of algae, respectively.
131
Subscripts in is used to indicate the inlet concentration.
132
The growth rate of microalgae, q $r can be expressed as
where t p, and o p are the respective specific growth rate and mass concentration of algae.
135
The specific growth rate can be expressed in terms of light intensity (f I ), maximum growth an iteration method which is described at the end of this section.
141
The mass balance of total inorganic carbon can be written as by pH dependence and they can be calculated as 
187
The substrate, S balance can be attributed to the stoichiometric reaction of algal and bacterial The mass balance of O 2 can be written as 
201
The decay rate n c™ depends on bacterial concentration (o å ) and is modelled as
where " §å is constant.
204
Now, ^$ ∂&'<,'< in Eqns. (9) and (21) can be estimated using the following relationship:
Assuming the variation of dissolved CO 2 and O 2 along the height is negligible, ^$ can be 207 calculated as
where ∫ $ and ∫ $ * are the liquid phase concentration and equilibrium liquid phase The gas volumetric flow rate, Q o is related to the number of orifices per unit area (n), total 214 surface area required for gas flow (q $ ) and total gas flow rate (Q) as [10]. It is also worth to mention that the present model shows a better prediction compared to 294 the author's modelling work.
296

Base case simulation
297
Base case simulation of algae-bacteria co-culture for high-rate waste water treatments ponds 298 was conducted to present the dynamics and the performance of the HRAP system. The model 299 parameters used in a base case simulation are presented in Table 1 . The design and operating 300 parameters adopted for the simulation are presented in increase the availability of carbon for algal growth with congruent improvement in the 322 removal efficiency of nutrient [18] . 
414
• The addition of CO 2 regulates pH, enhances the biomass productivity and thus, its 415 concentration in the pond is critical, which must be available at a sufficient 416 concentration to maintain a dynamic balance for algal-bacterial consortium.
417
• Oxygen production in the pond is mainly from photosynthesis process that is 418 dependent on algal growth rate, light intensity, temperature and pH. Its concentration
419
is inversely related to the concentration of CO 2 .
420
• The effect of an increase in biomass productivity depends not only on light intensity 421 but also on the imposed dilution rate and pond depth.
422
The present model can be used effectively for simulating various conditions and in further 423 refinement of design and operating procedures for the HRAPs. This model will be useful 424 for scale-up and optimization of microalgal biomass production process. Table 2 571
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